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(C) UBB +1 was expressed in wild-type and Δubi4 strains with endogenous (vector control) and elevated levels of Rpn4 (Rpn4). Clonogenicity was determined 1 day after inducing expression. The CFUs obtained using yeast cells with endogenous and elevated levels of Rpn4, respectively, but lacking UBB +1 , were set to 100% in every strain and experiment (not shown). The data shown here are percent change values of eight and six independent experiments for wt and Δubi4 strains, respectively. Error bars: standard error. *p ≤ 0.05 (paired t-test).
(D-F) Steady-state levels of UBB +1 in proteasomal mutant strains upon expression for 1 (D) and 2 (E) days, respectively (relevant for Figures 3B and S3A ). (F) Quantification of UBB +1 levels was done by immunoblotting of cell extracts using an antibody directed against the Nterminal FLAG-tag of UBB +1 . Hexokinase (Hxk) was used as loading control. The immunoreactive signals obtained using wild-type cells were set to 100% in every experiment.
The data shown here are percent change values of three independent experiments. fl-UBB +1 : full-length UBB +1 . Error bar: standard error.
(G-I) Steady-state levels of UBB +1 in selected UPS knock-out strains upon expression for 2 days (relevant for Figures 3D and S3B ). (I) Quantification of UBB +1 levels was done as in (F) . The data shown here are percent change values of three independent experiments. fl-UBB +1 : full-length UBB +1 . Error bar: standard error.
(J+K) Steady-state levels of UBB +1 upon endogenous and elevated levels of Rpn4 in wildtype and ubi4 strains (relevant for Figures 3F and S3C) . UBB +1 and Rpn4 were expressed for 1 day. Hexokinase (Hxk) was used as loading control. The immunoreactive signals obtained using wild-type yeast cells were set to 100% in every experiment. The data shown here are percent change values of three independent experiments. fl-UBB +1 : full-length UBB +1 . Error bar: standard error. UBB +1 was expressed in the indicated yeast strains for 16 h (day 1). Steady-state levels of UBB +1 were determined by immunoblotting. Hexokinase (Hxk) was used as loading control.
Please note: Two distinct expression clones were shown per knock-out strain. fl-UBB +1 : fulllength UBB +1 .
(I) Respiratory growth of yeast strains (relevant for Figures 4H, 4I , S4D, S4E). The indicated yeast strains were streaked out on YP plates with glycerol (YPGly) and glucose (YPD) as sole carbon sources, respectively, enabling obligatory respiratory and fermentative growth. ρ 0 strains and Δcyc1/Δcyc7 double knock-out strain were used as controls for respiratory deficiency. (A-C) UBB +1 was expressed in yeast strains with elevated levels of Cdc48 or Cdc48-S565G (A), and strains deleted for NPL4 (B) and VMS1 (C). Clonogenicity was determined two days after inducing expression before (A, C) and after acetate stress (B) (controls to Figure 6A (I+J) Steady-state level of UBB +1 and Vms1 (relevant for Figures 6D-F, S6D). UBB +1 and/or Vms1 were expressed for 1 day (16 h), 2 and 3 days. Steady-state levels of Vms1 were determined by immunoblotting of cell extracts using an antibody directed against the Cterminal FLAG-tag of Vms1. Steady-state levels of UBB +1 were determined using an antibody directed against the N-terminal FLAG-tag of UBB +1 or directed against the UBB +1specific C-terminus. Hexokinase (Hxk) was used as loading control. (J) fl-UBB +1 levels in strains with endogenous levels of Vms1 (vector ctrl) were set to 100% in every experiment.
The data shown here are percent change values of six experiments. Error bars: standard error. fl-UBB +1 : full-length UBB +1 , tUBB +1 : truncated UBB +1 . 
Figure S7: Pathological hallmarks in AD patients and in non-demented controls
Aberrant tau, UBB +1 , and VDAC1 staining in hippocampi of an AD patient. Error bars Statistics Figure 1C Percent change values of five independent experiments Standard error ANOVA on ranks/ Dunn's method Figure 1D Mean values of nine, eight, and four independent experiments for days 1, 2, and 3, respectively Standard error RM ANOVA on ranks/ Dunn's method Figure 2B Mean values of three experiments done in parallel Standard deviation - Figure 2C Mean values of 20, 28, and 10 independent experiments for days 1, 2, and 3, respectively Standard error RM ANOVA/ Holm-Sidak method Figure 2D Mean values of 15, 25, and 5 independent experiments for days 1, 2, and 3, respectively Standard error RM ANOVA/ Holm-Sidak method Figure 2E+F Mean values of eight independent experiments Standard error RM ANOVA/ Holm-Sidak method Figure 3A Percent change values of three independent experiments Standard error RM ANOVA/ Holm-Sidak method Figure 3B Percent change values of three independent experiments Standard error Two-tailed paired t-test Figure 3C Percent change values of three, three, and four independent experiments for wt/ubi4/rpn4, wt/yuh1, and wt/ubp6, respectively
Standard error RM ANOVA/ Holm-Sidak method 
Figure 4C
Percent change values of four and three independent experiments for days 2 and 3, respectively Standard error Two-tailed unpaired t-test Figure 4D Percent change values of five and four independent experiments for days 2 and 3 respectively Standard error Rank Sum Test Figure 4E Percent change values of four independent experiments Standard error Rank Sum Test Figure 4G Percent change values of five independent experiments Standard error Two-tailed unpaired t-test Figure 4H Percent change values of five and seven independent experiments for wt/aif1/nuc1/cyc1/cyc7 and wt/ybh3, respectively Standard error Two-tailed paired t-test Figure 6G Percent change values of four and three independent experiments for days 2 and 3, respectively Standard error Two-tailed unpaired t-test Figure 6H Percent change values of five and four independent experiments for days 2 and 3, respectively Standard error Rank Sum Test Figure 6I Percent change values of four independent experiments Standard error Rank Sum Test Figure 6K Mean values of four experiments done in parallel (in each case two performed with the acid and two with the hot ethanol extraction methods)
Standard error Two-tailed unpaired t-test Table S2 (related to Figure 5 ):
Protein alterations in crude mitochondrial extracts upon expression of UBB +1
Protein alterations in crude mitochondrial extracts were determined with the quantitative SILAC approach in two independent experiments (this Table, (Reinders et al., 2006; Sickmann et al., 2003) Table S3 (related to Figure 6 ):
Protein alterations in crude mitochondrial extracts upon expression of UBB +1 and increased levels of Vms1
Protein alterations in crude mitochondrial extracts were determined with the quantitative SILAC approach in two independent experiments (this Table, and  Tables S2, S4 ). Protein alterations upon co-expression of UBB +1 and Vms1, i.e. elevated Vms1 levels, as compared with the single expression of UBB +1 , i.e. endogenous Vms1 levels, were shown here. Green-labeled proteins were inversely regulated as compared with Figure 5A / 
Protein identifications and quantification by SILAC analysis of crude mitochondrial extracts
Protein alterations in crude mitochondrial extracts were determined with the quantitative SILAC approach in two independent experiments (this table, and Tables S2, S3 ). PEP: posterior error probability. Table S5 (related to Figure 7) :
Immunoreactivities in the human hippocampus and entorhinal cortex for VMS1
Tissues were obtained from non-demented controls and AD patients. The neuropathological state was confirmed by the presence of β-amyloid plaques and neurofibrillary tangles (-: no, a: minor, b: moderate, c: strong staining). Immunohistochemistry for VMS1 using human paraffin sections (#) and a human Vibratome section (*). VMS1 staining of tangle-like structures was observed in 6 out of 11 non-demented controls (55%) but in 15 out of 20 AD patients (75%). 5 out of 6 non-demented controls with VMS1 staining of tangle-like structures were 72 years and older and these show both neurofibrillary tangles and UBB +1 accumulation. 13 out of 15 AD patients with VMS1 staining of tangle-like structures do show both neurofibrillary tangles and UBB +1 accumulation. 1 Information provided by the Netherlands Brain Bank. Table S6 (related to Figures 7+S7 and Table S5 ):
Clinico-pathological information of non-demented controls and AD patients
Information provided by the Netherlands Brain Bank. 
Supplemental Discussion
Here, we established a yeast model for dissecting cell death mechanisms triggered by UBB +1 . UBB +1 accumulation resulted in a progressive loss of clonogenic cell survival, accompanied with increased levels of oxidative stress, culminating in apoptosis and necrosis.
In neuronal cultures, UBB +1 expression has been linked to apoptosis (de Vrij et al., 2001; Tan et al., 2007) . However, either high expression levels or the presence of other neurotoxic proteins, such as huntingtin, were needed for efficient cell killing (de Pril et al., 2004; de Pril et al., 2007; de Pril et al., 2010; de Vrij et al., 2001; Tan et al., 2007) . Consistently, transgenic expression of UBB +1 in mice failed to cause overt neurodegeneration although it did affect spatial reference memory and caused a central dysfunction of respiratory regulation (Fischer et al., 2009; Irmler et al., 2012; van Tijn et al., 2011) . Therefore, our data support the hypothesis that prolonged high levels of UBB +1 are required for cell killing. It appears intriguing that UBB +1 interferes with the UPS (Fischer et al., 2009; Lindsten et al., 2002; Tank and True, 2009; van Tijn et al., 2007; van Tijn et al., 2010) paralleling the observation that the UPS is also compromised during aging and age-related neurodegeneration (Dennissen et al., 2010) . In contrast, increased UPS capacities antagonize aging and increase life span in yeast and flies (Chondrogianni et al., 2014; Kruegel et al., 2011) . Our data suggest that the cumulated impact of UBB +1 and the age-intrinsic derangement of the UPS contribute to the pathogenesis of AD and other UBB +1 -related disorders, implying that stimulation of the UPS might have neuroprotective effects. pre1-1; ura3; leu2-3,112; his3-11,15 ; Can S Gal + (Heinemeyer et al., 1993) WCG4a pre2-1 WCG4a
Supplemental Experimental Procedures
Yeast expression plasmids
Yeast strains and growth conditions
MATa ; pre2-1; ura3; leu2-3,112; his3-11,15 ; Can S Gal + (Heinemeyer et al., 1993) WCG4a pre2-2 WCG4a MATa; pre2-2; ura3; leu2-3,112; his3-11,15 ; Can S Gal + (Heinemeyer et al., 1993) WCG4a pre1-1 pre2-1
WCG4a
MATa ; pre1-1; pre2-1; ura3; leu2-3,112; his3-11,15 ; Can S Gal + (Heinemeyer et al., 1993) WCG4a pre1-1 pre2-2
MATa ; pre1-1; pre2-2; ura3; leu2-3,112; his3-11,15 ; Can S Gal + (Heinemeyer et al., 1993) WCG4a CDC48-wt WCG4a MATa; ura3; 112; 15; cdc48::URA3;  YEp52(LEU2)-CDC48 (Jarosch et al., 2002) WCG4a cdc48-S565G
MATa ; ura3; 112; 15; cdc48::URA3;  YEp52(LEU2)-cdc48-S565G (Jarosch et al., 2002) CEN.PK-113-7D (for generation of internal standards for targeted metabolomics)
M.
Klimacek, TU Graz, Graz, Austria Strains were grown in YPD according to (Sherman, 2002) , or in synthetic complete (SC) media either according to (Sherman, 2002) For stable isotope labeling (SILAC) and targeted metabolomics, a yeast strain of BY4741 background lacking ARG4 and LYS2 genes was co-transformed with either two vector controls (pESC-LEU-nFLAG and pESC-HIS), or with UBB +1 expression construct and vector control (pESC-LEU-nFLAG-UBB +1 and pESC-HIS), or with both UBB +1 and Vms1 expression constructs (pESC-LEU-nFLAG-UBB +1 and pESC-HIS-Vms1). Yeast cells were grown in SC media according to (Sherman, 2002) with the following modifications: 30 mg/L proline, 50 mg/L arginine, 80 mg/L lysine. For SILAC, yeast cells were grown in media supplemented either with Lys0 and Arg0 (normal isotopes), or with Lys4 and Arg6, or with Lys8 and Arg10 (heavy isotopes, Silantes, Munich, Germany). In a biological replicate the assignment of the isotope labels was changed. Pre-growth in SCD media and expression in SCGal media was done as described above. For targeted metabolomics, yeast cells were grown in media supplemented with Lys0 and Arg0 (normal isotopes).
Determination of respiratory deficiency
Wild-type and knock-out strains were streaked out on YPD (4% glucose, 1% yeast extract, 2% bacto peptone, 2% Agar; Difco) and YPGly (3% glycerol, 1% yeast extract, 2% bacto peptone, 2% Agar Agar). Plates were incubated at 30°C for three days. Respiratory deficiency of the respective yeast strains was indicated by a growth deficiency on YPGly, which can only be used to support growth by respiration.
Measuring cytotoxicity based on growth
Yeast clones transformed with UBB +1 and TDP-43 constructs or vector controls were grown overnight in SCD-HIS medium. For spot dilution assays (growth on solid media), cultures were normalized to an optical density (OD600) of 0.5 in ddH2O, serially diluted (1:10) in ddH2O, and spotted onto solid nutrient-containing media inducing (SCGal-HIS) or repressing (SCD-HIS) expression of UBB +1 or TDP-43. Plates were incubated for two days at 30°C before analysis. For growth assays (growth in liquid media), cultures were diluted in SCD-HIS media and grown to an OD600 of 0.4, shifted to expression medium (SCGal-HIS), and grown overnight. After dilution in expression medium to an OD600 of 0.1 growth was followed at 30°C in quadruple-indented flasks. Three samples (i.e. three distinct yeast clones per transformed construct) were measured in parallel. The mean values and the standard deviations were calculated from the OD600 values of the samples and illustrated graphically (see Figures 2B) . Figures 3F, 6D, Figures S3C, S6D ). For statistical analysis the relative clonogenicities upon UBB +1 expression between strains with endogenous levels of Rpn4 or Vms1, or elevated levels of Rpn4 or Vms1 were compared.
Measuring cytotoxicity based on clonogenicity/survival
Measurement of oxidative stress and cell death
Oxidative stress was determined by measuring the conversion of dihydroethidium (DHE, Sigma-Aldrich, Vienna, Austria) to the red fluorescent ethidium (Madeo et al., 1999) applying a fluorescence plate reader. 5x10 6 cells per sample were pelleted in 96-well plates. Applied Sciences) were performed to discriminate among early apoptotic, late apoptotic/secondary necrotic and necrotic cells, or between apoptotic and non-apoptotic cells, respectively (Büttner et al., 2007) . 
Measurement of mitochondrial fragmentation
UBB +1 or vector control and a red fluorescent protein (yeRFP) fused with a mitochondrial targeting sequence (pYES2-mtyeRFP) were expressed (SCGal-URA/-HIS) for two days. Under these late stationary-phase conditions, the mitochondria were predominantly fragmented. In contrast to logarithmically growing cells, in which mitochondria are highly fused (Westermann, 2010) . The two days old stationary phase cultures were then shifted to fresh media repressing expression of UBB +1 (SCD-URA/-HIS) and inducing regrowth of yeast cells. After 3 h the proportion of cells whose mitochondria remain fragmented was quantified. At least 500 cells were evaluated per experiment and condition. Experiments were repeated independently twelve times. Representative cells which expressed UBB +1 and mitochondrially-targeted yeRFP showing mitochondrial network and fragmented mitochondria, respectively, are shown in Figure S4A .
Measurement of cellular oxygen consumption
Oxygen consumption of stationary yeast cultures was analyzed using the FireSting optical oxygen sensor system (Pyro Science, Aachen, Germany). Prior to measurements the electrodes were calibrated with deionized H2O representing the 100% reference value and 1% NaSO3 representing 0% reference value. Oxygen depletion in 2 mL yeast culture samples was determined under continuous stirring at 28°C in 2 mL bottles, sealed with parafilm in order to avoid re-oxygenation of the medium. The decrease of the oxygen concentration over time was calculated and normalized to the number of living cells within the sample. The number of living cells was determined by measuring both the exact cell densities (cells/mL) using an automated cell counter (e.g. CASY1) and the proportion of these cells with intact plasma membrane (cells that are not stained with PI) using flow cytometry. At least four different samples (i.e. distinct yeast clones) were determined per strain, construct, and condition.
Experiments were performed independently at least three times.
When analyzing the effects of UBB +1 expression on cellular oxygen consumption, the oxygen consumption of yeast cells carrying vector controls was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative oxygen consumption of all experiments and illustrated graphically as percent change values (Cellular oxygen consumption [%]) (see Figure 4C ). For statistical analysis the relative oxygen consumption upon UBB +1 expression was compared with the relative oxygen consumption of cells carrying vector controls.
When analyzing the effects of high Vms1 levels on cellular oxygen consumption of UBB +1 -expressing cells, the oxygen consumption of yeast cells with endogenous Vms1 levels was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative oxygen consumption of all experiments and illustrated graphically as percent change values (Cellular oxygen consumption upon UBB +1 expression [%]) (see Figure 6G ). For statistical analysis the relative oxygen consumption upon high levels of Vms1 (Vms1) expression was compared with the relative oxygen consumption of cells with endogenous levels of Vms1 (vector control).
Determination of mitochondrial membrane potential
Mitochondrial membrane potential was assessed cytofluorometrically by staining cells with tetramethylrhodamine methyl ester (TMRM, Molecular Probes, Life Technologies), a fluorescent dye that accumulates within mitochondria dependent on their membrane potential.
Staining and analyses were performed as described in When analyzing the effects of UBB +1 expression on mitochondrial membrane potential, the mitochondrial membrane potential of yeast cells carrying vector controls was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative mitochondrial membrane potential of all experiments and illustrated graphically as percent change values (Mitochondrial membrane potential [%]) (see Figure 4D ). For statistical analysis the relative mitochondrial membrane potential upon UBB +1 expression was compared with the relative mitochondrial membrane potential of cells carrying vector controls.
When analyzing the effects of Vms1 expression on mitochondrial membrane potential of UBB +1 -expressing cells, the mitochondrial membrane potential of yeast cells without Vms1 expression was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative mitochondrial membrane potential of all experiments and illustrated graphically as percent change values (Mitochondrial membrane potential upon UBB +1 expression [%]) (see Figure 6H ). For statistical analysis the relative mitochondrial membrane potential upon high levels of Vms1 (Vms1) was compared with the relative mitochondrial membrane potential of cells with endogenous levels of Vms1 (vector control).
Determination of cellular ATP level
To determine the ATP level of yeast cells, intracellular metabolites were obtained using hot ethanol extraction. Briefly, 1x10 8 cells were harvested and quick-frozen in liquid nitrogen, resuspended in 0.5 mL of boiling ethanol (75% ethanol, 10 mM (NH4)2SO4) and incubated at 90°C for 3 min. Residual cell debris was removed by centrifugation (-4°C, 14 ,000 rpm, 20 min) and 10 µL of the supernatant was taken for the subsequent determination of ATP levels using the ATP Determination Kit (Molecular Probes, Life Technologies). This assay is based on an ATP-dependent reaction of recombinant firefly luciferase, which induces bioluminescence of its substrate D-luciferin and is directly correlated with the ATP content.
Luminescence induced by the sample was assessed with a Luminoskan Ascent microplate reader (Labsystems, Thermo Scientific). Data were normalized to the number of living cells within a sample as described in the 'measurement of cellular oxygen consumption'. At least three samples (i.e. distinct yeast clones) were measured per strain, construct, and condition.
Experiments were performed independently at least four times.
When analyzing the effects of UBB +1 expression on cellular ATP levels, the cellular ATP levels of yeast cells carrying vector controls was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative cellular ATP levels of all experiments and illustrated graphically as percent change values (Cellular ATP level [%]) (see Figure 4E ). For statistical analysis the relative cellular ATP levels upon UBB +1 expression was compared with the relative cellular ATP levels of cells carrying vector controls.
When analyzing the effects of Vms1 expression on cellular ATP levels of UBB +1expressing cells, the cellular ATP levels of yeast cells without Vms1 expression was set to 100% in every experiment. The mean values and the standard errors were calculated from the relative cellular ATP levels of all experiments and illustrated graphically as percent change values (Cellular ATP levels upon UBB +1 expression [%]) (see Figure 6I ). For statistical analysis the relative cellular ATP levels upon high levels of Vms1 (Vms1) was compared with the relative cellular ATP levels of cells with endogenous levels of Vms1 (vector control).
Measurement of UPS activities
For determining the level of polyubiquitylated proteins in cellular extracts, immunoblots of cellular extracts were incubated with an ubiquitin-specific antibody (1:8000, mouse monoclonal, BD Biosciences). Immunosignals of the peak chain in the range of 15 to 200 kDa were quantified with ImageJ 1.47m as described in 'SDS-PAGE and immunoblot analyses'. The ubiquitin-specific immunosignals of the peak chain in the immunoblot lane which was loaded with extracts from cells transformed with vector controls were set to 100% in every experiment. The experiments were repeated independently for five times. For statistical analysis, the RFU/OD600 values of the different strains were compared.
Measurement of chymotrypsin-like proteasomal activities were performed using the Proteasome-Glo TM Cell-Based Assay (Promega, Heidelberg, Germany) (Ruenwai et al., 2011 ). Yeast strains with mutated genes encoding proteasomal subunits were grown in YPD until logarithmic phase, whereas cells expressing UBB +1 or RPN4 were grown in SCGal-HIS or SCGal-URA for different periods. Cells were then diluted in YPD, and SCGal-HIS or SCGal-URA, respectively, to an OD600 of 0.04 (equivalent to approximately 40'000 cells). Figure 3A+C+E , Figure S1C ). For statistical analysis the relative proteasomal activities (%) among the different expression constructs or strains were compared.
Generation of cell extracts and cell fractionation
5x10 7 cells were pelleted by centrifugation. Cell pellets were resuspended in 100 µL of ddH2O, and cell suspensions were mixed with 100 µL of 0.2 M NaOH (Kushnirov, 2000) .
After incubation on ice for 15 min, cells were pelleted by centrifugation and resuspended in 100 µL Laemmli sample buffer (2% (w/v) SDS, 10% (v/v) glycerol, 2% (v/v) β-mercapto ethanol, 60 mM Tris-HCl pH 6.8, bromophenol blue). After thorough mixing, cell suspensions were heated for 7 min at 97°C, cooled down on ice, and frozen at -80°C until use.
Isolation of crude mitochondria was performed by differential centrifugation according to (Braun et al., 2009 ) with minor modifications. Protein concentrations were determined applying Bradford assay. Samples were either directly incubated in Laemmli sample buffer, or precipitated according to (Wessel and Flügge, 1984) and then resuspended in Laemmli sample buffer prior SDS-PAGE.
SDS-PAGE and immunoblot analyses
Tricine-SDS-PAGE and immunoblot analyses were used for protein analyses (Schägger, 2006; Towbin et al., 1979) . Cell extracts were thawed at RT and centrifuged for 1 min at 16.000 g. 12 µL of supernatant (equivalent to 6x10 6 cells) were used for separation were washed with TBS-T three times for 10 min. Immunodetection was done using either self-made luminol or self-made luminol supplemented with Lumigen TMA-6 (Lumigen, Beckman Coulter, MI, USA). Membranes were incubated for 2 min with luminol solution and were exposed to and digitized in an ImageQuant LAS 4000 (GE Healthcare, Munich, Germany) with the following settings (method: chemiluminescence, exposure time:
increment, sensitivity/resolution: standard, high, or super depending on signal strength).
Images were processed with Adobe Photoshop CS6 (Adobe).
Immunoblot quantification was done with the gel analysis method in ImageJ 1.47m.
Briefly, the peak area (or peak chain area) of the immunosignal of interest (e.g. fl-UBB +1 detected with anti-UBB +1 ) was quantified and normalized to the immunosignal of a loading control (e.g. hexokinase detected with -Hxk). Saturated immunosignals or peaks (or peak chains) which could not be discriminated from background signals were discarded.
Experiments were repeated at least three times.
Sample preparation for mass spectrometry
Crude mitochondrial extracts were taken up in SDS lysis buffer, thawed, reduced with 1 mM DTT (Sigma-Aldrich) for 5 min at 95°C and alkylated using 5.5 mM iodoacetamide (Sigma-Aldrich) for 30 min at 25°C. Protein mixtures were separated by SDS-PAGE using 4-12% Bis-Tris mini gradient gels (NuPAGE, Invitrogen). The gel lanes were cut into 10 equal slices, which were in-gel digested with trypsin (Promega) (Shevchenko et al., 2006) , and the resulting peptide mixtures were processed on STAGE tips as described (Rappsilber et al., 2007) .
Mass spectrometry measurements and data analysis
Generation of mass spectrometric raw data and their analyses was performed as described in (Sprenger et al., 2013) . Samples analyzed by MS were measured on a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to an Eksigent NanoLC-ultra. HPLC-column tips (fused silica) with 75 µm inner diameter were self-packed (Gruhler et al., 2005) SILAC was chosen as quantitation mode. Three miss cleavages were allowed, enzyme specificity was trypsin/P, and the MS/MS tolerance was set to 0.5 Da. The average mass precision of identified peptides was in general less than 1 ppm after recalibration. Peptide lists were further used by MaxQuant to identify and relatively quantify proteins using the following parameters: peptide, and protein false discovery rates (FDR) were set to 0.01, maximum peptide posterior error probability (PEP) was set to 0.1, minimum peptide length was set to 6, minimum number peptides for identification and quantitation of proteins was set to two of which one must be unique, minimum peptide ratio count was set to 2, and identified proteins have been re-quantified. The "match-between-run" option (1 min) was used. Perseus version 1.2.0.16. (Cox and Mann, 2008 ) was used to identify significantly changed proteins (p < 0.05) under different treatments.
Extraction of metabolites for targeted metabolomics
Culture aliquots of OD600 ~ 20 (from four different yeast clones of each genotype)
were harvested by filtration using 0.22 µm sterile filters, washed once (on filter) with 5 mL ddH2O and immediately quenched by deep-freezing the filters in liquid nitrogen. Filtration and washing step was performed in less than 30 sec until freezing step. Metabolites were extracted by two different methods with extracts obtained from uniformly 13 C-labeled (U13C) yeast cells (see below) serving as an internal standard (Istd). U13C-Istd was applied directly on frozen filters prior to extraction. For acid extraction of metabolites, cells (washed directly from frozen filters) were resuspended in 1 mL ice-cold 5% trichloroacetic acid (TCA) and incubated for 1 h on ice with occasionally vortexing. Supernatants (10 min; 10,000 g) were lyophilized and resuspended in 200 µL ddH2O. For extraction with hot ethanol, cells were incubated in 2.5 mL boiling ethanol solution (75% ethanol, 10 mM ammonium acetate) and incubated for 2 min at 96°C. Supernatants were collected, N2 evaporated to ~ ¼ of initial volume at RT and finally lyophilized and reconstituted in 200 µL ddH2O. Extracts were stored at -80°C until metabolite measurements were performed with LC/MS.
Total number of cells of each sample was determined after extraction from cell pellets resuspended and appropriately diluted in water using CASY cell counter technology (Roche) in order to normalize the results from the LC/MS measurement.
To generate U13C-Istd, the prototrophic yeast (S. cerevisiae strain CEN.PK113-7D) was grown for 24 h or 72 h (an equal mix of the two cultures were used) on uniformly-labeled 13 C-glucose as sole carbon source using medium as described above but lacking any amino acids or bases. Acid or ethanol extracts of labeled yeast cells were performed as for unlabeled cells (see above) using 30% methanol as a final solvent and stored at -80°C upon use. 15 µL of this extract served as U13C-Istd for each sample.
Targeted metabolomics
Metabolites were determined using ion pair reversed-phase liquid chromatography coupled to negative electro spray high resolution mass spectrometry (IP-RP-LC/HRMS). The method was adapted with parts from (Bennett et al., 2008; Buescher et al., 2010 Metabolites were detected in negative ESI mode using high resolution (R = 50,000).
Peak area ratios to uniformly 13 C-labeled internal standards (U13C-Istd, see section on
Extraction of Metabolites) were calculated for relative quantification of the metabolites listed in Table B using Tracefinder Software (Thermo Fisher Scientific). 
Immunohistochemistry
Postmortem tissues of hippocampi from AD patients and non-demented controls were obtained from the Netherlands Brain Bank (Amsterdam, The Netherlands) (Table S6 ) as 6 µm thick paraffin sections. Immunohistochemistry was performed as previously described (Zouambia et al., 2008) . Sections were deparaffinated by subsequent treatment with xylene (2x 15 min), ethanol (2x 10 min 100%, 2x 10 min 96%, 10 min 80%, 10 min 70%, and 10 min 60%), and formic acid (30 min). After rinsing in ddH2O (30 min), and in TBS (3x 10 min), sections were incubated overnight at 4°C with antibodies against misfolded tau (MC1, Peter Davies, NY, USA, mouse monoclonal, 1:100), UBB +1 (Ubi2A, rabbit polyclonal, 1:500) (Fischer et al., 2003) , VMS1 (ANKZF1, ab94790, Abcam, rabbit polyclonal, 1:500), and VDAC1 (ab14734, Abcam, mouse monoclonal, 1:500). All dilutions were in SUMI buffer [50 mM Tris buffered saline with 0.25 % (w/v) gelatine and 0.5 % (v/v) Triton X-100, pH 7.6]. After rinsing in TBS (3x 10 min), sections were incubated for 1 h at RT with biotinylated secondary donkey anti-mouse or donkey anti-rabbit antibodies (Jackson Laboratories, Bar Habor, Main, U.S.A; 1:400 in SUMI buffer), followed by washing in TBS-T/TBS/TBS-T (10 min each), and by incubation for 1 h at RT with avidin-biotin-peroxidase complex (ABC, Vector Labs, Brunschwig Chemie, Amsterdam, The Netherlands, 1:400 in TBS-T). After washing in TBS (2x 10 min), and incubation with Tris buffer (50 mM Tris-HCl, pH 7.6, 10 min), sections were stained with Tris-buffered 3,3'-diaminobenzidine (DAB)
intensified by 0.04 % (w/v) nickel chloride (pH 7.6) for 5 to 20 min, dependent on antibody and background staining. Staining was stopped by incubation in ddH2O (3x 10 min), and sections were mounted on glass slides. After drying overnight, sections were dehydrated by subsequent treatment with ethanol (3 min 50%, 3 min 60%, 3 min 70%, 3 min 80%, 2x 3 min 96%, 2x 10 min 100%), Ultraclear (3x 10 min, Mallinokrodt Baker B.V., Deventer, The Netherlands), and coverslipped with Pertex mounting media (Leica Biosystems).
Statistics
For statistics SigmaPlot V13 (Systat Software, Erkrath, Germany) was used. For comparing two groups, either unpaired two-tailed Student's t-test with ad hoc normality and equal variance tests, or paired two-tailed Student's t-tests with ad hoc normality tests were applied. Rank Sum Tests were used for comparing two groups if ad hoc tests failed. For comparing many groups One Way ANOVA or One Way Repeated Measures ANOVA with ad hoc normality and equal variance tests, and post hoc tests (Dunn's, Holm-Sidak, Bonferroni methods) were applied. If ad hoc tests failed, ANOVA on Ranks or Repeated Measures ANOVA on Ranks were used with post hoc tests (Dunn's, Tuckey methods).
Differences were considered to be marked with p-values < 0.1 and significant with p-values ≤ 0.05. If not other stated, error bars indicate the standard errors of the mean or percent change values obtained from the independent experiments. For details see Figure legends and Table S1 . 
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